The RNA world hypothesis describes a stage in the early evolution of life in which catalytic RNAs mediated the replication of RNA world organisms. One challenge to this hypothesis is that most existing ribozymes are much longer than what may be expected to originate from prebiotically plausible methods, or from the polymerization by currently existing polymerase ribozymes. We previously developed a 96-nucleotide long ribozyme, which generates a chemically activated 5 0 -phosphate (a 5 0 -triphosphate) from a prebiotically plausible molecule, trimetaphosphate, and an RNA 5 0 -hydroxyl group. Analogous ribozymes may have been important in the RNA world to access an energy source for the earliest life forms. Here we reduce the length of this ribozyme by fragmenting the ribozyme into multiple RNA strands, and by successively removing its longest double strand. The resulting ribozyme is composed of RNA fragments with none longer than 34 nucleotides. The temperature optimum was B20 1C, compared to B40 1C for the parent ribozyme. This shift in temperature dependence may be a more general phenomenon for fragmented ribozymes, and may have helped RNA world organisms to emerge at low temperature.
Introduction
The RNA world is an early, hypothetical stage of life in which RNA polymers served as both the genome and the only genomeencoded catalyst. [1] [2] [3] [4] This RNA world hypothesis is supported by the ability to explain how an interdependent DNA-RNA-protein system could have originated from a prebiotic environment, 4 by the identification of 'molecular fossils' in extant life forms, [5] [6] [7] [8] and by the in vitro selection of RNA molecules that can catalyze chemical reactions required for an RNA world. 9, 10 However, direct evidence of RNA world organisms may never be found because they existed more than 3.4 billion years ago, when apparently modern life forms left traces in the fossil record. 11 Instead, it may be possible to test how RNA world organisms could have functioned by trying to generate RNA world organisms in the lab, from prebiotically plausible compounds. 10, 12, 13 The length of RNAs required to sustain an RNA world organism can be an important limitation, for two reasons. First, the emergence of the first self-replicating RNA system requires that all RNAs are synthesized prebiotically, in the absence of catalytic RNAs. It is unclear how long prebiotically generated RNAs were but it is safe to assume that shorter RNAs were more abundant than longer RNAs. Many early studies on prebiotic RNA polymerization focused on the polymerization of 5 0 -imidazolide-and 5 0 -2-methylimidazolide-activated nucleoside 5 0 -phosphates 14, 15 on montmorillonite clay catalysts, 16 which generated polymers with up to 40 nucleotides in length. However, these activated monomers are unlikely to have existed on prebiotic Earth because their synthesis requires high-energy intermediates. The same problem exists for 1-methyladenine as an activation group, which also mediated elongations up to 40 nucleotides. 17 The polymerization of nucleoside 5 0 -phosphates is possible without activation groups under temperature cycling conditions in lipid matrix or concentrated salt solutions, which can generate polymers up to B100 nucleotides. 18, 19 However, the products at least from the lipid-assisted synthesis are rich in abasic sites, which casts doubt on their usefulness for an RNA world organism. 20 Nucleoside 2 0 ,3 0 -cyclic phosphates appear prebiotically plausible, 21 polymerize to more than 13-nucleotides, 22 and may be the most promising building block for prebiotically plausible RNA polymerization. 23 The thermodynamic unfavorability of their polymerization in aqueous solution 24 may be surmoun- Second, for early RNA world organisms it may have been a challenge to evolve efficient RNA polymerase ribozymes. This idea is suggested by studies on in vitro selected ribozymes. A catalytic RNA that polymerizes RNA in a template-dependent fashion was generated by in vitro selection, 28 and further in vitro selections yielded several improved variants. [29] [30] [31] However, this ribozyme strongly favors one particular 11-nucleotide sequence such that the longest polymerization product with a functional sequence was a 24-nucleotide extension. 30 These polymerase ribozyme variants are B190 nucleotides in length, therefore this class of polymerase ribozymes is currently far from self-replication. Recently, a ribozyme was developed that mediates the polymerization of 5 0 -triphosphorylated oligonucleotides and nucleosides of the opposite stereochemistry. 32 This cross-chiral approach effectively prevented product inhibition, and mediated the polymerization of an 83-nucleotide long, catalytically active RNA from NTPs and short, triphosphorylated RNA fragments. However, RNA fragments need to be polymerized themselves, and using short RNAs as substrates (instead of nucleotides) causes problems in copying fidelity. 33 Therefore, even for an early RNA world organism the polymerization of long RNAs may have been a challenge. This idea suggests that not only the first instance but also the early stages of RNA world organisms would be more likely to emerge if its constituent ribozymes could assemble from short RNA polymers. The fragmentation of ribozymes into multiple strands has been observed in nature and studied in the lab on both natural and in vitro selected ribozymes (see discussion). The present study tests the effects of fragmentation and size reduction on a triphosphorylation ribozyme -a ribozyme with importance to RNA world organisms. 34, 35 This ribozyme catalyzes the synthesis of chemically activated 5 0 -phosphate groups by reaction of RNA 5 0 -hydroxyl groups with the molecule trimetaphosphate (Tmp).
Tmp is prebiotically plausible because it can be generated from prebiotically available phosphides via erosion and mild oxidation, and because intermediates in this pathway are also present in 3.4 billion year old marine sediments. 36, 37 Ribozyme-catalyzed triphosphorylation activity with Tmp is important for RNA world scenarios because it makes the free energy of Tmp hydrolysis available to RNA organisms, and the second law of thermodynamics dictates that any structure-forming entity (i.e. any life form) requires the inflow of chemical energy.
Here we show the size reduction and fragmentation of a triphosphorylation ribozyme with no RNA strand being longer than 34 nucleotides. This small and fragmented ribozyme displays reaction kinetics only 2-fold below that of the fulllength ribozyme at 22 1C, and its temperature optimum is shifted from B40 1C to B20 1C. The results are discussed with respect to the RNA world hypothesis.
Results
The starting construct used in this study had a length of 86 nucleotides and differed from the original isolate TPR1 34 in six mutations (Fig. 1A) . These six mutations increased triphosphorylation kinetics 24-fold to 0.31 min À1 at 50 mM Tmp, 100 mM MgCl 2 , and 50 mM Tris/HCl pH 8.3; 35 a seventh, slightly beneficial mutation was not included because it destabilizes the P5 stem, which is the focus of this investigation. The ribozyme binds its 14-nucleotide substrate strand via the P1 and P2 helix, and forms a pseudoknotted structure with a sum of five helices. The helix P5 contributes a large loop and an 11-base pair long double-strand to the ribozyme. To reduce the length of required RNAs we split the ribozyme at the L5 loop and successively truncated the length of the P5 helix. The intermediates of this fragmentation-and-size reduction were studied in their ability to catalyze the triphosphorylation of the 5 0 -hydroxyl group at the 14-nucleotide substrate. When the ribozyme was split at the L5 loop the two individual fragments did not show detectable triphosphorylation activity (Fig. 2) . When both fragments were combined the triphosphorylation activity of the fragmented ribozyme was within error of the full-length ribozyme. This result showed that the P5 helix can be formed in trans, leading to a fully active triphosphorylation ribozyme.
The P5 duplex was truncated in several steps (Fig. 3A) . The reduction of the P5 stem from 11 base pairs to 7, 6, and 5 base pairs did not generate a significant effect on the kinetics or the amplitude of the triphosphorylation reaction ( Fig. 3B and C) . In contrast, the further reduction of the P5 helix to 4, 3, 2, 1, and 0 base pairs unexpectedly caused an increase in triphosphorylation kinetics for the constructs with two and three base pairs, faster than the cis-acting ribozyme. Interestingly, the fraction of reacting ribozyme also increased from B85% to B95% when the P5 stem contained less than 5 base pairs. This observation suggests that the formation or separation of the P5 helix presents a rate-limiting conformational change during the triphosphorylation reaction. The shortest construct, in which the P5 helix was completely removed (Fig. 3D ), showed about half of the triphosphorylation rate of the starting construct (Fig. S1 , ESI †). This reduction suggested that the P5 helix fulfills a function during the triphosphorylation reaction, presumably by favoring the catalytically active conformation. On the other hand, the triphosphorylation rate of 0.15 min À1 for the construct without P5 helix (as compared to 0.31 min À1 for the parental construct 35 ) showed that structural elements can not only be reduced in length but also be completely omitted while maintaining a functional ribozyme.
The absence of a helix that stabilizes the catalytically active conformation would be expected to shift optimal reaction kinetics to lower temperatures. To test this idea we measured triphosphorylation kinetics at different temperatures for the full-length ribozyme (Fig. 1A) and for the trans ribozyme without the P5 duplex (Fig. 3D) . Indeed, the temperature optimum of the construct without the P5 duplex (15-25 1C) is significantly below that of the cis ribozyme (40 1C). Two additional features of this comparison are noteworthy: first, the maximal rate of the cis ribozyme is more than two-fold above the maximal rate of the fragmented ribozyme without the P5 helix. Second, at low temperatures (10 1C and 15 1C) the fragmented ribozyme without the P5 helix shows significantly faster triphosphorylation rates. This result has important implications for imagining how RNA world organisms could have functioned.
Discussion
The present study showed that an 86-nucleotide long triphosphorylation ribozyme could be fragmented in the internal duplex P5 without loss of activity, and that the P5 stem now formed in trans could be completely removed with only a 2-fold reduction in reaction kinetics. Interestingly, intermediates in the truncation series showed triphosphorylation kinetics 2-fold faster than the parent ribozyme. The fragmented and size-reduced ribozyme showed a temperature optimum of 15-25 1C compared to 40 1C for the parent ribozyme, with faster kinetics at low temperature.
The observed advantage of the fragmented, shortest construct over the full-length ribozyme at low temperature (Fig. 4 ) may reflect a more general phenomenon. The omission of stabilizing secondary structures would allow the ribozyme structure to 'breathe' more and access the conformations required for catalysis. The temperature of the Archaean ocean appears to have been mild, probably including glaciation events (especially close to the poles), because the early Sun was B25% less bright than today. [38] [39] [40] Indeed, early oceans may have been mostly frozen and only thawed episodically by meteorite impacts. 41 Accordingly, the behavior of catalytic RNAs has also been explored in the lab at low temperatures, including the frozen state. A microenvironment in the eutectic spaces in ice provided the polymerase ribozyme with four key advantages: 42, 43 the hydrolysis of RNA and activated monomers is slowed, weak substrate interactions are improved (analogous to our finding in Fig. 4) , the eutectic spaces between ice crystals afforded higher local concentrations of small molecule substrates with correspondingly faster reactions, 44, 45 and an isolation of eutectic spaces from each other could have provided micro-compartments to aid evolution. 31 The current study suggests a fifth advantage: Low temperatures stabilize weak RNA structures including ribozymes assembled from multiple short fragments. This phenomenon would have allowed RNA world organisms to emerge and function by the assembly from short RNA fragments and therefore become more likely to occur. The length of required RNA polymers for ribozymes can be reduced in two ways, by ribozyme fragmentation and ribozyme minimization. First, the assembly of ribozymes from multiple fragments has been seen in nature with self-splicing group I and group II introns. 46, 47 The group I intron from Azoarcus even lent itself to disassemble into four fragments, 48 the longest of which is at least 63 nucleotides in length. 49 RNase P can be assembled from four fragments, the longest of which is 109 nucleotides, 50 the hairpin ribozyme can be separated into two structures interacting by tertiary interactions, with the longest strand being 50 nucleotides long, 51 and the hammerhead ribozyme from two fragments, with the longest fragment 23 nucleotides in length. 52 In vitro selected ribozymes can also assemble from multiple fragments such as variants of the DSL ribozyme, where the longest fragment is 49 nucleotides long. 53 A second way to reduce the required RNA length for ribozymes is their minimization down to a catalytic core. The shortest known ribozyme is 5 nucleotides long and enhances the rate of aminoacylation by B25-fold above the background reaction. 54 Size-minimized ribozymes obtained by in vitro selections for other reactions require lengths between 31 nt and 119 nt in length, and typically show rate accelerations of more than a thousand-fold and often more than a million-fold. [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] Since each of these selections sampled most of the sequence space up to 23 nucleotides these results also suggest that for most reactions, ribozymes shorter than 24 nucleotides don't exist. Because the first RNA world system would have to rely on prebiotically, nonenzymatically produced polymers these minimum lengths place a strong selection pressure for the first RNA world organism to access only the smallest ribozymes, or to assemble larger ribozymes from shorter fragments. An additional advantage of ribozyme fragmentation lies in avoiding the inhibition of RNA polymerases by strong secondary structures. 75, 76 The synthesis of RNA polymers with stable secondary structures is necessary in an RNA world because most ribozymes contain strong secondary structures. In an RNA world this problem would be significant due to the difficulty of developing an RNA helicase. 77, 78 By separating the two partially complementary strands of a given helix onto two transcripts the helix cannot form in the transcript (or its complementary template) during synthesis, thereby avoiding the inhibition of polymerization. To our knowledge, this advantage of ribozyme fragmentation has not been published previously. We did not expect that the complete removal of the P5 stem would lead to functional ribozymes. 35 However, the fragmented ribozyme variants with truncated P5 duplex were fully functional, and two of them -with a P5 stem length of 2 and 3 base pairswere even faster than the ribozyme with a full P5 duplex (Fig. 3B) . Similarly, the fraction of unreactive ribozyme was reduced from B15% for P5 lengths of 11 base pairs, to B5% for P5 lengths of 1-4 base pairs (Fig. 3C ). This suggests that some flexibility at the base of the P5 stem helps to access the catalytically active conformation of the ribozyme. These observations are also consistent with the finding that ribozyme variants with a base mismatch at the second position of a full P5 helix accelerate reaction kinetics. 35 Future studies with many different ribozymes may be able to determine whether this benefit of flexibility is specific for the studied ribozyme or whether it may be a general advantage of fragmented ribozymes. A general benefit for fragmented ribozymes would increase the likelihood of an RNA world emerging from a prebiotic scenario with short RNAs.
Materials and methods
Ribozyme constructs were generated by PCR mutagenesis or the Quikchange protocol for site directed mutagenesis (Stratagene). The template was a plasmid encoding the ribozyme TPR1e as described in Dolan et al. 35 DNA sequences were confirmed by cloning into Fig. 4 Temperature dependence of triphosphorylation kinetics. The observed reaction rates are plotted as a function of the reaction temperature for the unfragmented, full-length ribozyme (filled triangles; ribozyme sequence as shown in Fig. 1A ) and the fragmented, shortest ribozyme (empty circles, ribozyme sequence as shown in Fig. 3D ). Error bars are standard deviations from three experiments; if error bars are not visible they are smaller than the symbols.
fresh pUC19 plasmids and sequencing. However, mutations near the 5 0 -or 3 0 -termini were introduced by PCR primers during PCR amplification of the templates for transcription. RNAs were generated by run-off transcription by T7 RNA polymerase as described 34 and purified by denaturing PAGE.
The 14-nucleotide substrate was internally [ 32 P] labeled during transcription. Two hammerhead ribozymes were encoded in the transcript, one at the 5 0 -terminus and one at the 3 0 -terminus.
The 5 0 -terminal hammerhead ribozyme generated the 5 0 -hydroxyl group, while the 3 0 -terminal hammerhead ribozyme generated a homogeneous 3 0 -terminus. 79 Cleaved transcripts were purified by denaturing PAGE. Triphosphorylation reactions were performed essentially as described. 34, 35 Triphosphorylation reactions with 5.5 mM triphosphorylation ribozyme and substoichiometric concentrations of radiolabeled substrate were incubated with 50 mM Tmp, 100 mM MgCl 2 (corresponding to 50 mM free Mg 2+ ), and 50 mM Tris/HCl (final pH 8.1) for three hours at 22 1C if no other temperature is given. At specific time points, 1.5 mL of the reactions were added to 4 mL of formamide PAGE loading buffer containing 50 mM Na 2 EDTA, heat denatured, and separated by denaturing 20% PAGE. The gel shift is caused by covalent triphosphorylation of the RNA, which was demonstrated previously by the fact that the product RNAs served as substrate for ligase ribozymes, and by mass spectrometric comparison of the RNA substrate and RNA product. 34 Data quantitation: after electrophoresis, PAGE gels were exposed to phosphorimager screens and scanned on a PMI phosphorimager (Bio-Rad). Signals on the phosphorimager scans were quantitated using the software Quantity One. Curve fitting was done in Microsoft excel using single-exponential equations, minimizing the sum of the squared differences to the data using the solver sub-software.
